By using high-performance capillary electrophoresis, we have successfully separated rat liver core histones into several subfractions. Inconvenient interactions of the highly basic proteins with the capillary wall were eliminated by a phosphate buffer system containing 0.03 % hydroxypropylmethylcellulose. Sample amounts of a few nanolitres were analysed within about 20 min. Multiacetylated histones H4 and H3 from induced Friend erythroleukaemic cells prepurified by h.p.l.c. were clearly separated into their non-acetylated and distinct acetylated forms. Our results illustrate that the application of capillary zone electrophoresis on its own or in combination with h.p.l.c. to the analysis of histones provides an important new alternative to traditional gel electrophoreses.
INTRODUCTION
Histones are basic protein components of eukaryotic chromatin and are of great importance with regard to the organization of chromatin structure. In the nuclei of all eukaryotic cells DNA is packed in basically the same way: two each of histones H2A, H2B, H3 and H4 form the fundamental chromatin subunit, the nucleosome, whereas histone HI is associated with the chromosomal linker region. Four of these five histone classes each consist of several variants, differing slightly in their amino acid sequence [1, 2] . Moreover, under various biological conditions histones are known to be post-synthetically modified, such as acetylated, phosphorylated, ADP-ribosylated etc. These modifications alter the local charge and structure ofhistones substantially and are thought to be important for regulatory functions. When analysing histones, it is apparent that the complexity and heterogeneity of these proteins make high demands on the analytical methods applied. Until now gel electrophoresis has been an important analytical tool. However, there are some drawbacks. In particular, the electrophoretic methods are labourintensive and time-consuming. In addition to gel electrophoresis, several h.p.l.c. techniques have been developed recently [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
In fact, some (v/v) fetal-calf serum and amino acids as described elsewhere [14] . Penicillin (100 units/ml) and streptomycin (100 ,tg/ml) were added routinely. Cell cultures were incubated at 37°C in 5 % CO2 in air. In order to achieve hyperacetylated core histones 1.75 mM-sodium butyrate was added for 24 h to cells growing exponentially at a density of 2 x 105 cells/ml.
Preparation of core histones
Rat liver nuclei were prepared as described by Kurokawa & MacLeod [4] . HI histones were removed by extraction with 5 % (w/v) HC104 for 1 h. HCl04-insoluble material was centrifuged down at 900 g for 15 min and the resulting pellet thereupon extracted with 0.2 M-H2S04. Insoluble material was removed by centrifugation at 12000 g for 10 min, and the core histones were obtained as described previously [9] . Whole histones from Friend erythroleukaemic cells (line F4N) were prepared as described previously [7] . Friend-cell histones were chromatographed as described previously [7] . [20] , the use of low-pH buffer systems [21] , the application of 'dynamic coating' agents, which weakly interact with the capillary surface and are generally added to the separation buffer [22] , and the chemical modification of the silanol groups [13, 23, 24] . Finally, combinations of these systems have been described [25] . For Fig. 2(a) . The identity and purity of the isolated fractions were first checked by SDS/PAGE (Fig. 2b) . In this gel system all proteins appeared to be remarkably pure. Histone variants and histone modifications, however, are best resolved by PAGE in the presence of non-ionic detergents [16] . Therefore the same fractions were analysed additionally by AUT/PAGE (Fig.  2c) . The multiple bands visible in lanes 3 and 4 of Fig. 2 (Fig. 2a ) migrated slightly faster than histone H4 in the SDS/PAGE gel (Fig. 2b) and between histones H2A.2 and H3.2 in the AUT/PAGE gel (Fig. 2c) . We therefore conclude that this protein, also detectable in the electrophoretogram of the h.p.c.e. run at about 17 min (not shown in Fig. 1 order to confirm our assignments in Fig. 1 , the pure histone fractions were added to the whole core histone standard.
Separating these mixtures, we found a characteristic change of one or more peaks in the electrophoretogram. These procedures finally led to the following assignment of the nine peaks shown in Fig. 1 precise separation of histone H2A.1 from histone H2A.X has been a problematic part of core histone fractionation by the application of reverse-phase h.p.l.c. [9] . The H3 histone variants H3.2 and H3.3, however, show identical electrophoretic mobilities and are not resolved. Likewise it is impossible to separate histones H3.2 from H3.3 in AUT/PAGE, but they may be separated efficiently by h.p.l.c. with a shallow acetonitrile in aq. trifluoroacetic acid gradient (Fig. 2a) or by following a method previously described [4] . (3) Histones H3 and H4 are resolved into three and two peaks respectively. Since rat liver histones H3 and H4 are known to be post-synthetically acetylated to a larger extent, we were inclined to believe that the apparent peaks in the electrophoretogram (Fig. 1 ) might be non-acetylated and acetylated forms of the corresponding histones. Thus, for a further characterization of the peaks in question, Friend erythroleukaemic cells were cultured in the absence and in the presence of sodium butyrate for 24 h. Butyrate is known to be a potent inhibitor of histone deacetylase(s) and therefore causes a hyperacetylation of core histones [26] . Histones H3 and H4 were isolated by h.p.l.c. as described previously [7] and the fractions obtained were analysed by both AUT/PAGE (Fig. 3) and h.p.c.e. (Figs. 4 and 5) . The same characteristic differences in the acetylation pattern of histones H4 (Fig. 4) Fig. 1 (Fig.  3) ; aco, ac1, ac2, ac3 and ac4: non-, mono-, di-, tri-and tetraacetylated histone derivatives. Conditions were the same as for Fig.  1 except that the voltage applied was 12 kV and capillary temperature was 30 'C. of modified histone derivatives, provides an important alternative to the traditional gel electrophoreses.
in order of their migration, the non-acetylated, monoacetylated and diacetylated derivatives of histone H3. The diacetylated histone H3, however, is contaminated with the monoacetylated H2A.2 variant. The more-rapidly migrating histone H4 component consists of non-acetylated histone H4 and the slowermigrating histone H4 component of monoacetylated histone H4. Finally, the main peak of histone H2A.2 has been found to be the non-acetylated histone H2A.2 variant. So, in both the AUT/PAGE and the h.p.c.e. the more-highly acetylated histones show retarded mobilities compared with those of the nonacetylated parent compounds.
More recently Wiktorowicz & Colburn described a h.p.c.e. separation of various proteins with the use of a coating agent (not specified) reversing the charge of the capillary surface [27] . The special conditions permitted the analysis of multiacetylated histone H4 from cuttlefish testes, but, in contrast with our method, no baseline separation of individual peaks could be achieved. The system described by us has been further applied for separating both acetylated H2A, H2B and phosphorylated histones (results not shown). Summarizing, our results illustrate that the application of h.p.c.e. to the analysis of core histones, which so far as we know has not been reported previously, and 
